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ARTIFACT CORRECTION FOR MOTION
ARTIFACTED IMAGES ASSOCIATED WITH
THE PULMONARY CYCLE

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. provisional
application Ser. No. 60/823,103 filed Aug. 22, 2006, which 1s
incorporated herein by reference.

The present application relates to the diagnostic imaging,
arts. It finds particular application 1n conjunction with the
Single Photon Emission Tomography (SPECT) systems with
attenuation compensation and will be described with particu-
lar reterence thereto. It will be appreciated that the invention
1s also applicable to other imaging systems such as Positron
Emission Tomography (PET) systems, and the like. We will
refer to such systems as emission tomography systems.

Emission radiation imaging employs a source of radioac-
tivity to 1image a patient. Typically, a radiopharmaceutical 1s
injected into the patient. Radiopharmaceutical compounds
contain a radioisotope that undergoes gamma-ray decay at a
predictable rate and characteristic energy. One or more radia-
tion detectors are placed adjacent to the patient to monitor and
record emitted radiation. Sometimes, the detector 1s rotated or
indexed around the patient to monitor the emitted radiation
from a plurality of directions. Based on information such as
detected position and energy, the radiopharmaceutical distri-
bution 1n the body 1s determined and an image of the distri-
bution 1s reconstructed to study the circulatory system,
radiopharmaceutical uptake 1n selected organs or tissue, and
the like.

In medical studies, generally, as the emission data nor-
mally contains inaccuracies caused by varying absorption
characteristics of the patient’s anatomy, an attenuation map
(transmission map) either generated by a transmission radia-
tion source or a C1 1mage 1s used to provide additional attenu-
ation information to correct the emission data.

Typically, the emission tomography scan 1s performed
without preliminary gating, which implies that the collected
data correspond to the average motion state over the breathing
cycle. Thus, 1n one approach, to obtain attenuation maps, the
patients are asked to hold their breaths during the CT scan, for
example, at midexpiration or take a shallow breath. Because
the free breathing state in the emission tomography imaging
differs from the breath hold state in the CT imaging, the CT
images do not accurately align with the emission data. This
might result 1n inaccurate diagnostics and quantization of
tumors in the emission 1mages.

In another approach, to parallel the data acquisition proto-
col of the emission tomography scan, during the CT scan, the
patient continues breathing. A low pitch 1s used to ensure that
every voxel 1s 1lluminated by the cone-beam over at least one
complete breathing cycle. However, the CT scan 1s far faster
than the nuclear imaging scan. Typically, only one or two
breathing cycles are captured for each object point. The stan-
dard reconstruction provides only a poor average over the
motion state which causes artifacts, which look like mush-
rooms 1n saggital or coronal cross-sections.

The present application provides new and improved meth-
ods and apparatuses which overcome the above-referenced
problems and others.

In accordance with one aspect, an 1imaging system for
imaging at a preselected pulmonary range which occurs 1n
one or more successive pulmonary cycles 1s disclosed. A
breathing monitor monitors a cyclic physiological parameter
in the pulmonary cycle and generates a cyclic pulmonary
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phase indicative signal. A source of transmission radiation
data 1s provided. A data processor reconstructs an attenuation
map Irom the transmission data by weighting the transmis-
sion radiation data such that each of the pulmonary phases
contributes substantially equally to the attenuation map.

In accordance with another aspect, an imaging method for
imaging at a preselected pulmonary range which occurs 1n
one or more successive pulmonary cycles 1s disclosed. A
cyclic physiological parameter 1n the pulmonary cycle is
monitored. A cyclic pulmonary phase indicative signal 1s
generated. Transmission radiation data i1s generated. An
attenuation map 1s reconstructed from the transmission data
by equally weighting the transmission data in each of the
plurality of pulmonary phases.

In accordance with another aspect, a method of emission
imaging 1s disclosed. Transmission imaging data is collected
over cyclically repeating pulmonary ranges of a pulmonary
cycle. An attenuation map 1s generated with a substantially
equal contribution from each phase point. The emission data
1s corrected with the attenuation map. The attenuation cor-
rected emission data 1s reconstructed into a diagnostic image.

One advantage 1s that artifacts are reduced 1n attenuation
corrected emission radiation 1images.

Still further advantages of the present ivention will be
appreciated to those of ordinary skill 1n the art upon reading
and understand the following detailed description.

The invention may take form 1n various components and
arrangements of components, and 1n various steps and
arrangements of steps. The drawings are only for purposes of
illustrating the preferred embodiments and are not to be con-
strued as limiting the ivention.

FIG. 1 1s a diagrammatic illustration of an imaging system:;

FIG. 2 1s a diagrammatic illustration of a non-normalized
weilghting profile for a sampling window;

FIG. 3 1s a diagrammatic 1llustration of a detailed portion of
an 1maging system;

FIG. 4 1s a diagrammatic illustration of another detailed
portion of an 1maging system;

FIG. 5 shows non-normalized weighting profiles for a plu-
rality (about 20) of sampling windows;

FIG. 6 shows a graph representing an average of non-
normalized weighting profiles of FIG. §; and,

FIG. 7 illustrates steps of a method of emission radiation
imaging.

With reference to FIG. 1, an imaging system 8 includes an
emission imaging system 10 such as a SPECT or PET scanner
and a CT scanner 12. More specifically, one or more nuclear
detection heads 14 are carried by a rotatable gantry 16 to
detect radiation events emanating from a region of interest or
examination region 18. Each detection head 14 includes two-
dimensional arrays of detector elements, such as a scintillator
and an array of light sensitive elements, e.g. photomultiplier
tubes, photodiodes, and the like. Direct x-ray to electrical
converters, such as CZT elements, are also contemplated.
Alternatively, particularly in a PET scanner, the examination
region 1s typically surrounded by a ring of stationary detector
heads. Each head 14 includes circuitry for converting each
radiation response into a digital signal indicative of 1ts loca-
tion (X, v) on the detector face, 1ts energy (z), angular position
of the head, and detection time. The location of an event on
the detector 1s resolved and/or determined 1n a two dimen-
sional (2D) Cartesian coordinate system with nominally
termed x and y coordinates. However, other coordinate sys-
tems are contemplated. In the SPECT scanner, a collimator
controls the direction and angular spread, from which each
element of the detector can receive radiation, 1.e., the detector
can recerve radiation only along known rays. Thus, the deter-
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mined location on the detector at which radiation 1s detected
and the angular position of the head 14 define the nominal ray
along which each radiation event occurred.

As the emission data normally contains inaccuracies
caused by varying absorption characteristics of the patient’s
anatomy, 1n one embodiment, the CT scanner 12 1s utilized to
provide additional attenuation information to correct the
emission data. The CT scanner 12 includes a non-rotating
gantry 20. A radiation source or sources 22, such as an x-ray
tube, 1s mounted to a rotatable gantry 24. A bore 26 defines an
examination region 28 of the CT scanner 12. A non-bore
system, such as L-shape, arc, and other are also contemplated.
An array of radiation detectors or a radiation detector 30 1s
disposed on the rotatable gantry 24 to recerve radiation from
the x-ray tube 22 after the x-rays transverse the examination
region 28. Tracks 32 extend 1n parallel to a longitudinal axis
of a subject support or couch 34, thus enabling the emission
imaging scanner 10 and CT scanner 12 to form a closed
system. A moving means 36, such as a motor and a drive, 1s
provided to move the PET scanner 10 1n and out of the closed
position. A couch moving means 38, such as a motor and a
drive, provides a longitudinal movement and vertical adjust-
ment of the couch 34 1n the examination regions 18, 28.

In one embodiment, the emission 1imaging system 10 and
the CT scanner 12 employ a common gantry. In such system,
the detection 1s performed simultaneously or interleaved. In
another embodiment, the CT and emission imaging are per-
formed 1n different imaging sessions.

With continuing reference to FIG. 1, as the rotatable gantry
24 of the CT scanner 12 rotates at a constant speed, a subject
or patient, which 1s positioned on the couch 34, 1s moved nto
the examination region 28, where the CT 1image 1s taken. The
drive 38 advances and/or retracts the subject support 34 to
achieve the desired positioning of the subject within the
examination region 28. Typically, during scanning, some por-
tion of the radiation passing along each projection s absorbed
by the 1maging subject to produce a generally spatially vary-
ing attenuation of the radiation. The detector elements of the
radiation detector array 30 sample the radiation intensities
across the radiation beam to generate radiation absorption
projection data. As the gantry 24 rotates so that the radiation
source 22 revolves around the examination region 28, a plu-
rality of angular views of projection data are acquired, col-
lectively defining a projection data set that 1s stored 1n a first
or CT data memory 42. The acquired data 1s referred to as
projection data since each detector element detects a signal
corresponding to an attenuation line integral taken along a
line, ray, narrow cone, or other substantially linear projection
extending from the source to the detector element. The radia-
tion detector 30 1s shown mounted on the rotatable gantry 24
in FIG. 1; however, 1t 1s also contemplated to replace the
detector array 30 by a two-dimensional band of x-ray detector
clements mounted around the stationary gantry 20. In one
embodiment, the radiation detector 30 includes flat panel
detectors.

In another embodiment, a helical projection data set 1s
acquired by rotating the gantry 24 simultancously with con-
tinuous linear motion of the couch 34 to produce a helical
trajectory of the radiation source 22 around the imaging sub-
ject disposed on the couch 34.

For a source-focused acquisition geometry in a multi-slice
scanner, readings of the attenuation line integrals or projec-
tions of the projection data set stored 1n the C'T data memory
42 can be parameterized as P(o,[3,n) where a 1s the source
angle of the radiation source 22 determined by the position of
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the rotatable gantry 24, 3 1s the angle within the fan (fe[ -D/2,
®/2] where @ 1s the fan angle), and n 1s the detector row
number.

With continuing reference to FIG. 1 and further reference
to FIG. 2, a cycle monitor 44 monitors prespecified biological
cycles of the patient. In one embodiment, the cycle monitor
44 monitors patient’s respiratory cycle and detects phase
points 46. For example, a respiratory sensing belt 1s con-
nected with a balanced bridge type pressure transducer which
produces an electrical signal that varies 1n amplitude with the
respiratory cycle. The position of the phase point 46 1s
selected by the clinician according to the motion characteris-
tic of the lungs and the required diagnostic information.

In one embodiment, a respiratory marker, which 1s coupled
with respiration of the 1maging subject, moves with the res-
piration. The marker 1s arranged to intersect the i1mages
acquired at different times and at different positions along the
scanner axis and 1s detectable as a marker feature in the
images so the positions of the marker features 1n the 1images
can be determined. In this manner, the respiratory monitoring
data 1s embedded directly with the imaging data.

In another embodiment, the CT scanner 1itself i1s used to
generate a gating signal from the images of the subject under
examination. The same data 1s used to generate the gating
signal and images. For example, the scanner generates a
pulmonary gating signal based on maxima periodic motion of
the subject or minima periodic motion of the subject.

A sorting device, processor, mechanism or other means 48
sorts the attenuation data into data sets 30,, 50,, . .., 50 _
collected during each of the selected breathing phases, 1.e.
breathing phase specific data sets. In one embodiment, a
re-binning processor 52 re-bins the breathing phase specific
data from cone to parallel beam geometry 1nto a set of parallel
views. The parallel views are projected into the axial plane
1.€., perpendicular to the rotation axis. Particularly for breath-
ing phases defined by a short temporal window, the data for
one breathing phase corresponds to data collected over short
arc segments 1n one or more rotations and breathing cycles.
The arc segments of data individually are too small to be a tull
data set. To generate a full data set, data 1s collected over
several breathing cycles and, if necessary, mterpolated. The
breathing phase specific data sets are stored 1n corresponding
phase memories 54.

With continuing reference to FIGS. 1 and 2 and further
reference to FIG. 3, a data processor 60 reconstructs a 3D
transmission radiation image or attenuation maps for each
individual selected breathing phase. More specifically, a sam-
pling window determining processor, device, mechanism,
algorithm or other means 62 determines or selects a sampling
window 64 surrounding a corresponding phase point 46. In
one embodiment, each phase point 46, represented by a ver-
tical line, lies substantially central 1n the associated window.
A weighting profile determining processor, device, mecha-
nism, algorithm or other means 70 determines a non-normal-
1zed weighing profile 72 for all voxels lying in the window.
Non-normalized weights are stored in a non-normalized
weights memory 74.

A backprojecting processor, device, mechanism, algorithm
or other means 80 performs a normalized weighted back-
projection on recerved projections nto a 3D 1mage represen-
tation or attenuation map. In one embodiment, a weighting
processor, device, mechanism, algorithm or other means 82
combines non-normalized weights determined for each sam-
pling window 64 with other weights typically used in the
reconstruction process to generate normalized weights or
normalized weighting profile 84 and applies the normalized
weights to each voxel of a corresponding window.
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For example, when two or more m-partners intersect the
voxel v at the same angle 0, the redundant rays can be inter-
polated to increase resolution. The redundant rays may
traverse the voxel from opposing directions or be slightly
offset from each other. The weighting processor 82 normal-
izes multiples of m-partners on the fly. Example of other
weights given during reconstruction includes aperture
weights. The aperture weights given to each voxel for a read-
ing are calculated by one of known techniques and are typi-
cally dependent on the relative position of the voxel with
respect to the acquisition system. A backprojector 90 back-
projects the normalized projections into 3D 1mages which are
stored 1nto corresponding reconstructed 1images memories
92. An averaging processor, device, mechanism, algorithm or
other means 94 averages the stored reconstructed images to
receive the 1image representing the breathing average. Each
voxel value stored 1n an attenuation map memory 96 1s indica-
tive of attenuation of radiation by tissue 1n a corresponding,
volume to be used 1n phases of a breathing cycle. By averag-
ing the 1images from each of the preliminary phases equally,
cach pulmonary phase contributes equally to the attenuation
map 96.

With reference to FIGS. 4-6, the weighting profile deter-
mimng processor 70 determines non-normalized weighting,
profiles for selected sampling windows. When data 1s col-
lected for a large number of pulmonary phases, 1n a multi-
plicity of sequential sampling windows, a multiplicity of
normalized weighting profiles are applied sequentially. FIG.
5 shows the large number of sequential weighting profiles. If,
for example, there are 20 pulmonary phases, 20 weighting
profiles are repeated cyclically. The averaging device 94 aver-
ages the non-normalized weights for the selected windows to
generate an average weighting profile 98 1llustrated 1n FI1G. 6.
The weighting device 82 combines the non-normalized
welghts determined for the selected windows with other
weights typically used in the reconstruction process and
described above to recerve normalized weights. The back-
projector 90 backprojects the normalized averaged projec-
tions into the attenuation map memory 96. By reducing the
contribution of each backprojected view in inverse proportion
to the number of views generated 1n its pulmonary phase, each
pulmonary phase contributes equally to the attenuation map
96.

Other data processing techniques which generate an
attenuation map which 1s equally weighted over pulmonary
phases are also contemplated.

With continuing reference to FIG. 1, the subject support
table 34 with the subject 1s moved into the emission exami-
nation region 18 to position the subject to take the emission
image. Typically, prior to the examination, the subject to be
imaged 1s 1njected with one or more radiopharmaceuticals or
radioisotopes. Few examples of such 1sotopes are Tc-99m,
(Ga-67,and In-111. The presence of the radiopharmaceuticals
within the object produces emission radiation from the object.
During the data collection, the emission radiation detector
heads 14 are typically rotated 1n steps or continuously around
the examination region 18 to collect the projection emission
data at a multiplicity of projection directions. In one embodi-
ment, the heads are rotated over an arc of 360° divided by the
number of heads. The projection emission data, e.g. the loca-
tion (X, y) on the detector head, energy (z), and an angular
position (0) ol each detection head 14 around the examination
region 18 (e.g., obtained from an angular position resolver
100) are stored 1n a second or emission data memory 102.

Animage processor, algorithm, mechanism or other means
104 1teratively reconstructs a 3D 1image representation 1n an
image memory 106. For each ray, along which emission data
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1s recerved, the image processor 104 calculates a correspond-
ing ray through a corresponding attenuation map array stored
in the phase attenuation map memories 96. Fach ray of the
emission data 1s weighted or corrected 1n accordance with the
attenuation factors.

A video processor 108 retrieves slices, projections, 3D
renderings, and other information from the 1image memory
and approprately formats an image representation for display
on a momtor or monitors 110. Of course, a printer or other
output device may also be used to present data in a convenient
format.

In one embodiment, the user selects the phases via, for
example, a graphical user interface integrated with the moni-
tor 110 or any other appropriate personal computer, PDA and
the like.

With reference to FIG. 7, looking now to a method of
generating attenuation corrected emission 1mages, transmis-
sion 1mage data 1s collected 120, such as by the CT scanner
12. An attenuation map 1s generated 122 from the transmis-
sion 1mage data. In a first method of generating the attenua-
tion map, the transmission 1image data collected 1n each of a
plurality of pulmonary ranges over a plurality of pulmonary
cycles 1s reconstructed 124. These images are then averaged
126 to generate an attenuation map 128 1n which transmission
image data from each of the pulmonary ranges contributes
equally. Alternately, each view of the transmission image data
1s weighted 130 with a phase range dependent weighting
profile such as profile 98. These views are reconstructed 132
such as by using filtered or convolution weighting and back-
projection. Of course, the phase range dependent weighting
profile and the filter or convolution functions may be com-
bined and a single weighting step performed.

Emission data 1s collected 140. The emission data 1s cor-
rected 142 with the attenuation map 128. The attenuation
correction emission data 1s then reconstructed 144 to generate
an attenuation corrected emission 1image 146.

The 1nvention has been described with reference to the
preferred embodiments. Modifications and alterations may
occur to others upon reading and understanding the preceding
detailed description. It 1s intended that the invention be con-
structed as including all such modifications and alterations
insofar as they come within the scope of the appended claims
or the equivalents thereof.

The mvention claimed 1s:

1. An 1imaging system for imaging at a preselected range of
a pulmonary cycle which occurs in one or more successive
pulmonary cycles, the imaging system comprising:

a breathing monitor which monitors a cyclic physiological
parameter 1n the pulmonary cycle and generates a cyclic
pulmonary phase indicative signal;

a source of transmission radiation data; and

a data processor which reconstructs an attenuation map
from the transmission data by weighting the transmis-
sion radiation data such that each of the pulmonary
phases contributes substantially equally to the attenua-
tion map.

2. The system as set forth 1n claim 1, further including;:

a window selecting device which selects a sampling win-
dow corresponding to each preselected phase point.

3. The system as set forth 1n claim 1, further including:

a sorting device which sorts the transmission radiation data
into radiation data sets corresponding to each of a plu-
rality of the cyclic pulmonary phases;

a backprojecting device which backprojects the transmis-
ston data from each of the pulmonary phases into a
corresponding pulmonary phase image in a recon-
structed 1mages memory; and
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an averaging device which averages the reconstructed pul-
monary phase images with equal weighting into the
attenuation map.

4. The system as set forth in claim 1, wherein the data

processor programmed to:

weight the transmission radiation data in each pulmonary
phase 1n mverse proportion to an amount of the trans-
mission data collected in each of the pulmonary phases
relative to other pulmonary phases;

reconstruct the weighted transmission radiation data into
the attenuation map.

5. The system as set forth 1n claim 1, further including:

a backprojecting device which, based at least on the aver-
aged non-normalized weighting profile, determines nor-
malized weights for the plurality of the sampling win-
dows and backprojects the transmission radiation data
using the normalized weights into the attenuation map.

6. The system as set forth 1n claim 1, wherein the data

processor mcludes:

a backprojector which backprojects the transmission radia-
tion data 1nto the attenuation map memory; and

a weighting device which weights the transmission radia-
tion data in inverse proportion to an amount of transmis-
sion radiation data generated at the same pulmonary
phase by viewing angle such that the transmission radia-
tion data from each of the pulmonary cycle phases con-
tribute substantially equally to the attenuation map.

7. The system as set forth i claim 1, further including;:

an emission 1maging scanner to generate emission radia-
tion data; and

an 1mage processor which corrects the emission radiation
data with the attenuation map and reconstructs the
attenuation corrected emission radiation data into an
image representation.

8. The system as set forth 1n claim 2, further including:

a weighting profile determining processor which deter-
mines non-normalized weighting profiles for a plurality
of the samples windows.

9. The system as set forth 1n claim 8, further including:

an averaging device which averages the determined non-
normalized weighting profiles for the plurality of the
sampling windows; and

a backprojecting device which, based at least on the aver-
aged non-normalized weighting profile, determines nor-
malized weights for the plurality of the sampling win-
dows and backprojects the transmission radiation data
using the normalized weights into the attenuation map.

10. An 1imaging method for imaging at a preselected range

of a pulmonary cycle which occurs 1n one or more successive
pulmonary cycles, the method comprising:

monitoring a cyclic physiological parameter in the pulmo-
nary cycle;

generating a cyclic pulmonary phase indicative signal;

generating transmission radiation data; and

reconstructing an attenuation map from the transmission
data by equally weighting the transmission data in each
of the plurality of pulmonary phases.

11. The method as set forth 1n claim 10, further including:

selecting a sampling window corresponding to each of a
plurality of preselected phase points 1n the pulmonary
cycle.

12. The method as set forth 1n claim 10, further including:

sorting the transmission radiation data into radiation data
sets corresponding to each of a plurality of the pulmo-
nary phase points;
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backprojecting the transmission data for each pulmonary
phase point 1into a corresponding reconstructed image;

combining the reconstructed images with substantially
equal weighting 1nto the attenuation map.

13. The method as set forth 1n claim 10,

wherein unequal amounts of transmission radiation data

are collected 1n each pulmonary phase.
14. The method as set forth 1n claim 10, wherein recon-

structing the attenuation map includes:

weilghting the transmission data 1n accordance with at least
a relative amount of transmission data collected 1 its
pulmonary phase relative of other pulmonary phases;
and

backprojecting the weighted transmission data to generate
the attenuation map with a substantially equal contribu-

tion from each pulmonary phase.

15. The method as set forth 1n claim 11, further including;:

determining non-normalized weighting profiles for each of
the sampling windows.

16. The method as set forth 1n claim 15, further including:

averaging the determined non-normalized weighting pro-
files for the plurality of the sampling windows.

17. The method as set forth 1n claim 16, further including;:

based at least on the averaged non-normalized weighting
profile, determining normalized weightings for the plu-
rality of the sampling windows;

normalizing the transmission radiation data with the deter-
mined normalized weighting; and

backprojecting the normalized transmission radiation data
into the attenuation map.

18. An apparatus for emission 1imaging comprising:

one or more processors programmed to:
receive transmission imaging data over cyclically

repeating phase ranges of a pulmonary cycle;
generate an attenuation map with a substantially equal
contribution from the transmission 1imaging data col-
lected during each of a plurality of different phase
ranges;
collect emission data;
correct the emission data with the attenuation map; and
reconstruct the attenuation corrected emission data into
a diagnostic 1image.

19. The apparatus as set forth in claim 18 wherein the

processor 1s further programmed to:

(a) average with equal weighting images reconstructed
from the collected transmission imaging data in each of
the phase ranges to generate the attenuation map, and

(b) weight the collected transmission imaging data with a
phase range dependent weighting function and back-
project the weighted collected transmission data to gen-
erate the attenuation map.

20. A non-transitory computer readable medium carrying

soltware which controls one or more processors to:

generate an attenuation map with a substantially equal
contribution from transmission imaging datain each of a
plurality of cyclically repeating ranges or motion states
over a plurality of pulmonary cycles;

correct emission 1maging data with the attenuation map;
and

reconstruct the attenuation corrected emission 1maging
data 1nto an 1mage.
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